Microstructure and grain orientation evolution of a specially shaped shroud during directional solidification process  by Hao, Hongquan et al.
Chinese Materials Research Society
Progress in Natural Science: Materials International
Progress in Natural Science: Materials International 2013;23(2):211–2151002-0071 & 2013 Ch
http://dx.doi.org/10.10
nCorresponding auth
E-mail address: ji
Peer review under rwww.elsevier.com/locate/pnsmi
www.sciencedirect.comORIGINAL RESEARCH
Microstructure and grain orientation evolution
of a specially shaped shroud during directional
solidiﬁcation processHongquan Hao, Weiguo Jiang, Guang Xie, Gong Zhang, Yuzhang Lu, Jian Zhangn,
Langhong LouInstitute of Metal Research, Chinese Academy of Sciences, Shenyang 110016, China
Received 7 November 2012; accepted 4 February 2013
Available online 2 April 2013KEYWORDS
Directional solidiﬁcation;
Shroud;
Dendrite;
Undercooling;
Low angle grain boundaryinese Materials Res
16/j.pnsc.2013.03.00
or. Tel./fax: þ86 2
anzhang@imr.ac.cn
esponsibility of ChinAbstract The microstructure and the grain orientations of one shroud prepared by directional
solidiﬁcation process have been investigated using metallographic method and electronic backscatter
diffraction (EBSD). The results indicate that the solidiﬁcation process of the tested shroud is composed of
three steps: dendritic branching, the break-up and drift of the dendrite arms and the solidiﬁcation of the
residual liquid. Misoriented grains were formed between the primarily solidiﬁed dendrite stems during the
process of recalescence which was caused by the accumulation of the solidiﬁcation latent heat. A low
angle grain boundary of 61 was produced across the impinging dendrite fronts.
& 2013 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
Single crystal (SX) nickel-base superalloys are widely used for
producing gas turbine blades for its superior mechanical properties
at high operating temperatures [1]. However, defects such as stray
grains and low angle grain boundaries are often formed during
directional solidiﬁcation of SX superalloys, which will ﬁnallyearch Society. Production and hostin
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ese Materials Research Society.result in a decrease in the mechanical strength of the components
[2–4]. Researches on the SX solidiﬁcation process are especially
needed to understand the formation mechanisms of these casting
defects [5].
The solidiﬁcation process and stray grain formation mechanism
of the shroud have always been the key research topics in
preparation of single crystal superalloys [2,6,7]. It was found that
stray grains would form at the edge of the shroud when the
accumulation of the undercooling was large enough for grain
nucleation. However, most of these works were at the condition of
lower undercooling. The solidiﬁcation microstructures of super-
alloy CMSX-6 under different undercooling conditions were
systematically studied [8–10]. It was found that a grain reﬁnement
process would occur when the undercooling of the melt reached
30 K. The solidiﬁcation morphology of Ni99Zr1 alloy was changedg by Elsevier B.V. All rights reserved.
Fig. 2 The longitudinal microstructure of the tested shroud.
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equiaxed microstructure at a critical undercooling of about 40 K
[11]. Because of the break-up and ripening of the dendrite arms
owing to remelting, the grain structure of superalloy DD3 can be
reﬁned notably if it solidiﬁes in a range of undercooling 30–70 K
[12,13]. Equiaxed grains were also found to form in the highly
undercooled shroud of CMSX-6 SX superalloy dummy blades
[2,14]. However, details of the solidiﬁcation process and equiaxed
grain formation mechanism of the shroud under high undercooling
conditions still cannot be clearly understood.
Because of the plastic deformation of the dendrite stems within
the mushy zone, the misorientation of the dendrites could be
accumulated to the level of 61 during the process of branching/
growth [15]. A convergence-fault mechanism for the formation of
low angle grain boundary was put forward by Napolitano et al. [3];
it was pointed out that low angle grain boundary formation within
the shroud was closely related to the dendrite branching geometry.
Using a combined cellular automaton ﬁnite difference (CAFD)
model, Wang et al. [16] simulated the dendrite structure of the
shroud under different withdraw rates. And the model has
correctly predicted the branching mechanism happening at the
platform region.
In this work, a SX component with a special shroud was
designed and manufactured through high rate solidiﬁcation (HRS)
process. Details of the solidiﬁcation structures of the shroud
including the dendrite morphologies and the grain orientations
were studied to clarify the solidiﬁcation process and the casting
defects formation mechanism of the highly undercooled shroud.2. Experimental
SX nickel-base superalloy DD10 (Table 1) was chosen. Casting
experiment of the designed SX component (Fig. 1) was carried out
using the conventional Bridgman technique. The thickness of the
shroud was 5 mm. The mould was withdrawn from the furnace at a
pre-determined speed (nominal mould withdrawal) of 5 10−5 m
s−1. Following solidiﬁcation, the shroud was sectioned to make
samples for metallographic and EBSD tests. The EBSD analysis
was conducted on an S-3400N scanning electron microscopeTable 1 Nominal composition of the superalloy DD10 (wt
%).
Co Cr AlþTi MoþWþTa Ni
4.5 13 7.8 11–13 Balance
Fig. 1 Schematic diagram of the single crystal component.(SEM) equipped with hardware for pattern collection. The evolu-
tion of the dendritic structure of the shroud was examined using
standard optical microscopy.3. Results and discussion
The longitudinal microstructure of the whole shroud is shown in
Fig. 2. According to the differences of the solidiﬁcation morphol-
ogies, the longitudinal section of the shroud can be divided into
three regions: A, B and C.
3.1. Region A
The typical microstructure of region A is shown in Fig. 3(a).
The primary dendrite arms are parallel to each other. The (001)
pole ﬁgure (Fig. 3(b)) reveals that a perfect SX solidiﬁcation
microstructure was obtained in this region. It can be deduced that
dendrites from the SX bar reached region A through dendrite
branching mechanism.
3.2. Region B
A large number of small grains whose sizes are comparable with the
secondary arm spacing of the dendrites can be observed in the
interdendritic position of region B (see Fig. 4(a)). Some of these
grains are equiaxed while the rest are similar with the secondary
dendrite arms. The orientations of these grains are almost random
(Fig. 4(b)). However, the original orientation of region A still can be
found in the (001) pole ﬁgure of region B. Dendrite trunks can also be
observed in region B in both microscopic (Fig. 2) and macroscopic
views (Fig. 4(a)). Based on the grain orientation ﬁgures and the
existence of the dendrite trunks of region B, the initial nucleation of
stray grains can be excluded. The most likely mechanism for the
formation of misoriented grains can be deemed to be the break-up and
ripening of the primarily solidiﬁed dendrite arms during solidiﬁcation.
During directional solidiﬁcation process, the shroud region was
highly undercooled. This resulted in a dendrite framework of thin
primary/secondary dendrite arms which could be easily destroyed
during the accumulation of solidiﬁcation latent heat [14]. It was
reported by Schwarz et al. [17] that the occurrence of the grain
reﬁnement process in solidiﬁcation of undercooled melts was
controlled by the characteristic time Δtbu, time for the dendrite
break-up, and Δtpl, time for the solidiﬁcation of the remaining
interdendritic melt. One should observe a grain-reﬁned equiaxed
Fig. 3 (a) Typical dendrite morphology and (b) (001) pole ﬁgure of region A.
Fig. 4 (a) Grains located at the interdendritic position of region B and (b) (001) pole ﬁgure of the gains.
Microstructure and grain orientation evolution 213microstructure if ΔtbuoΔtpl, in which break-up occurs before the
sample has had time to completely solidify, and a coarse-grained
dendritic microstructure if Δtbu 4Δtpl. The break-up time can be
determined as
ΔtbuðΔTÞ≈
3
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where ΔHf denotes the heat of fusion, Cp the speciﬁc heat, Rtip(ΔT)
the dendrite tip radius, ml the liquidus slope, Dc the diffusion
coefﬁcient, kE the equilibrium partition coefﬁcient, d0 the capillary
length, C0 the solute concentration, and z a proportionality constant.
At lower undercooling conditions, dendrite growth is mainly
controlled by solute diffusion. With the increase of undercooling,
Rtip(ΔT) will be decreased [17]. According to Eq. (1), Δtbu(ΔT)
will also be decreased. When the critical level, Δtbu≈Δtpl, is
reached, further increase of the undercooling will result in the
break-up of the primarily solidiﬁed dendrite arms. This will ﬁnally
result in the formation of misoriented grains in region B. The
dendrite fragmentations drifted away in the melt resulted in
random grain orientations shown in Fig. 4(b).
3.3. Region C
Misoriented grains can also be observed in region C, as shown in
Fig. 5(a), but with a reducing number compared with region B.
Because of larger speciﬁc surface area for heat radiation of region
C, the solidiﬁcation latent heat of this region could be derived
more easily than region B. As a result, a small Δtpl (time for the
remaining interdendritic melt solidiﬁes) was obtained in region C.In that case, the formation of the dendrite fragmentation was
partially constrained. Drift of the dendrite fragmentations was also
restricted as the time for the remaining interdendritic melt
solidiﬁed was shorter. Orientations of the dendrite fragmentations
were slightly changed compared with the original grain (see Fig. 5
(b)). Based on the consistency of the orientations observed in
Fig. 5(b) and Fig. 3(b), it can be deduced that there is no initial
nucleation of stray grains in region C.
3.4. Low angle grain boundary
As is shown in Fig. 6(a), dendrites heading for different directions
ﬁnally rejoined together in the shroud. Across the impinging front,
the EBSD misorientation proﬁle shows that a low angle grain
boundary of 61 was produced (see Fig. 6(a)). The consistency of
the orientations of grain A and grain B (see Fig. 6(b)) indicates
that these two grains were from the same original grain.
During the quenching directional solidiﬁcation experiments,
advancing dendrite stems were forced to bend because of the
lateral force induced by the subsequent volumetric shrinkage.
This would ﬁnally produce misorientations in the casting [18].
Newell et al. [15] also pointed out that advancing dendrite stems in
an increasingly thermally undercooled melt would produce accu-
mulated misorientations during branching/growth. Moreover, it
has been shown by Siredey et al. [19] that the stress induced by
γ′ precipitation at the solvus is big enough to cause plastic
deformation of the dendritic structure; the maximum misorienta-
tion can reach 2.51. Based on the above discussion, it can be
concluded that the accumulation of grain misorientations will be
disagreeing for dendrites which grow in different paths.
Fig. 5 (a) Typical dendrite morphology and (b) (001) pole ﬁgure of region C.
Fig. 6 Low angle grain boundary across the impinging fronts: (a) misorientation proﬁle, (b) (001) pole ﬁgure.
H. Hao et al.214When the dendrite front of the single crystal bar reached the shroud
region, dendrites grew rapidly into the open liquid through branching
mechanism. With the increase of the undercooling, the tip growth
velocity of the dendrite increased [20]. Dendrites on the left side of the
shroud grew faster than that on the right side because of higher
undercooling. As a consequence, on the upper region of the shroud,
dendrites grew backward from left to right and met the upward
growing dendrites, as shown in Fig. 6(a). Finally, low angle grain
boundary formed at the impinging front of these dendrites.4. Conclusions1) The solidiﬁcation process of the tested shroud is composed of
three steps: dendrite branching, the break-up and drift of the
dendrite arms and the solidiﬁcation of the residual melt.2) During the accumulation of solidiﬁcation latent heat,
misoriented grains were formed through the process of
break-up and drift of the primarily solidiﬁed dendrite arms.3) A low angle grain boundary of 61 was formed across the
impinging front of the dendrites which grew in different paths.Acknowledgments
This work was supported by the National Basic Research Program
(973 Program) of China (No. 2010CB631201) and the National
Natural Science Foundation of China (No. 50931004).References
[1] M. McLean, Directionally Solidiﬁed Materials for High Temperature
Service, The Metals Society, London, 1983.
[2] M. Meyer ter Vehn, D. Dedecke, U. Paul, P.R. Sahm, Under-
cooling related casting defects in single crystal turbine
blades, in: R.D. Kissinger, D.J. Deye, D.L. Anton, A.D. Cetel, M.V.
Nathal, T.M. Pollock, D.A. Woodford (Eds.), Superalloys 1996, The
Minerals, Metals &Materials Society, Warrendale, 1996, pp. 471–479.
[3] R.E. Napolitano, R.J. Schaefer, The convergence-fault mechanism for
low-angle boundary formation in single-crystal castings, Journal of
Materials Science 35 (2000) 1641.
[4] T.M. Pollock, W.H. Murphy, The breakdown of single-crystal
solidiﬁcation in high refractory nickel-base alloys, Metallurgical and
Materials Transactions A 27 (1996) 1082.
[5] H.Z. Fu, J.J. Guo, L. Liu, J.S. Li, Directional solidiﬁcation of
advanced materials, Science Press, Beijing, 2008.
[6] J. Yu, Y. Qing, B.C. Liu, J.R. Li, H.L. Yuan, Numerical simulation of
unidirectional solidiﬁcation process of turbine blade castings,
Advanced Material Research 26-28 (2007) 947–951.
[7] X.L. Yang, H.B. Dong, W. Wang, P.D. Lee, Microscale simulation of
stray grain formation in investment cast turbine blades, Materials
Science and Engineering A 386 (2004) 129–139.
[8] D.M. Herlach, K. Eckler, A. Karmab, M. Schwarz, Grain reﬁnement
through fragmentation of dendrites in undercooled melts, Materials
Science and Engineering A 304–306 (2001) 20.
[9] A. Ludwig, I. Wagner, J. Laakmann, P.R. Sahm, Undercooling of
superalloy melts: basis of a new manufacturing technique for single-
crystal turbine blades, Materials Science and Engineering A 178
(1994) 299.
Microstructure and grain orientation evolution 215[10] I.A. Wagner, P.R. Sahm, Autonomous directional solidiﬁcation
(ADS): a novel casting technique for single crystal components, in:
R.D. Kissinger, D.J. Deye, D.L. Anton, A.D. Cetel, M.V. Nathal, T.
M. Pollock, D.A. Woodford (Eds.), Superalloys 1996, The Minerals,
Metals &Materials Society, Warrendale, 1996, p. 497.
[11] D.M. Herlach, R. Lengsdorf, P. Galenko, H. Hartmann, C.A. Gandin,
S. Mosbah, A.G. Escorial, H. Henein, Non-equilibrium and
near-equilibrium solidiﬁcation of undercooled melts, Advanced
Engineering Materials 10 (5) (2008) 444–452.
[12] F. Liu, G.C. Yang, X.F. Guo, Research of grain reﬁnement in
undercooled DD3 single crystal superalloy, Materials Science and
Engineering A 311 (2001) 54–63.
[13] F. Liu, Y. Cai, X.F. Guo, G.C. Yang, Structure evolution in
undercooled DD3 single crystal superalloy, Materials Science and
Engineering A 291 (2000) 9–16.
[14] D.X. Ma, A.B. Polaczek, Application of a heat conductor technique in
the production of single-crystal turbine blades, Metallurgical and
Materials Transactions B 40 (2009) 738–748.[15] M. Newell, K. Devendra, P.A. Jennings, N. D'Souza, Role of dendrite
branching and growth kinetics in the formation of low angle
boundaries in Ni-base superalloys, Materials Science and Engineering
A 412 (2005) 307–315.
[16] W. Wang, A. Kermanpur, P.D. Lee, M. Mclean, Simulation of
dendritic growth in the platform region of single crystal superalloy
turbine blades, Journal of Materials Science 38 (2003) 4385–4391.
[17] M. Schwarz, A. Karma, K. Eckler, D.M. Herlach, Physical mechan-
ism of grain reﬁnement in solidiﬁcation of undercooled melts,
Physical Review Letters 73 (10) (1994) 1380.
[18] A. Wagner, B.A. Shollock, M. McLean, Grain structure development
in directional solidiﬁcation of nickel-base superalloys, Materials
Science and Engineering A 374 (2004) 270–279.
[19] N. Siredey, M. Boufoussi, S. Denis, J. Lacaze, Dendrite growth and
crystalline quality of nickel-base single grains, Journal of Crystal
Growth 30 (1993) 132–146.
[20] R. Willnecker, D.M. Herlach, B. Feuerbacher, Evidence of none-
quilibrium processes in rapid solidiﬁcation of undercooled metals,
Physical Review Letters 62 (1989) 2707–2710.
